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Abstract

The presence of a sizeable CP-violating phasB B, mixing would be an unambiguous signal

of physics beyond the Standard Model. We analyse various possibilities to detect such a new phase
considering both tagged and untagged decays. The effects of a sizeable width differdmetsveen

the B, mass eigenstates, on which the untagged analyses rely, are included in all formulae. A novel
method to find this phase from simple measurements of lifetimes and branching ratios in untagged
decays is proposed. This method does not involve two-exponential fits, which require much larger
statistics. For the tagged decays, an outstanding role is played by the observables of the time-
dependent angular distribution of thie — J/¢[— [T17] o[~ K K~] decay products. We list the
formulae needed for the angular analysis in the presence of both a new CP-violating phase and a
sizeableAT’, and propose methods to remove a remaining discrete ambiguity in the new phase. This
phase can therefore be determined in an unambiguous way.
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1 Introduction

The rich phenomenology of non-leptoni¢ decays offers various strategies to explore the phase
structure of the Cabibbo—Kobayashi—-Maskawa (CKM) matrix [1] and to search for manifestations
of physics beyond the Standard Model [2]. Concerning the latter aspect, CP violati®y-in,
mixing is a prime candidate for the discovery of non-standard physics. In the first plaBetBe
mixing amplitude is a highly CKM-suppressed loop-induced fourth order weak interaction process
and therefore very sensitive to new physics. Moreover in the Standard Model the mixing-induced
CP asymmetries in the dominaBt decay modes practically vanish, because they are governed by
the tiny phaserg(—V;, V.5 /(V,V.E)). It does not take much new physics to change this prediction:
already a fourth fermion generatibnan easily lead to a sizeable new CP-violating phasB.in
B, mixing [4]. It is further possible that there are new flavour-changing interactions which do not
stem from the Higgs-Yukawa sector. The phases of these couplings are not related to the phases
of the CKM elements and therefore induce extra CP violation. An example is provided by generic
supersymmetric models in which new flavour-changing couplings come from off-diagonal elements
of the squark mass matrix [5]. While such new contributions are likely to affectzajsf,; mixing,
they appear in thé, system as a correction to a non-zero Standard Model prediction for the mixing-
induced CP asymmetry, which involves the poorly known phase arg(—V,,V,5/(VaVy)). To
extract the new physics here additional information on the unitarity triangle must be usedBn the
system, however, the new physics contribution is a correction to essentially zero [6].

Indeed, the discovery of new physics through a non-standard CP-violating phasedn mix-
ing may be achievable before the LHCb/BTeV era, in Run-II of the Fermilab Tevatron.

B,-meson decays into final CP eigenstates that are causéd-byécs quark-level transitions
such asB, — D D7, J/vn") or J/y ¢, are especially interesting [7-9]. Theand,’ mesons in
B, — J/¢n" can be detected through— ~v andn’ — p°y, 7*7 7, or throughy — +7~7°
[10]. These modes require photon detection. In the cagk ef J/iy)[— [T17] p[— K+ K], which
is particularly interesting foB-physics experiments at hadron machines because of its nice experi-
mental signature, the final state is an admixture of different CP eigenstates. In order to disentangle
them, an angular analysis has to be performed [11, 12]. Experimental attention is also devoted to
three-body final states [13]3,-meson decays triggered by the quark dekay cud can likewise
access a CP-specific final state, e.g.Bja—~ D2, [— K"K ~]Kg, with a likewise negligibly small
CP-violating phase in the Standard Model. The key point here is that there are many different decay
modes which all contain the same information on the pursued new CP-violating ph&sether-
more, additional information on can be gained from analyses that require no tagging. Untagged
studies determingcos ¢| and are superior to tagged analyses in terms of efficiency, acceptance and
purity. However, they require a sizeable width differen&'| between the3, mass eigenstates. On
the other hand, from tagged analyses (such as CP asymmettiesjan be extracted, if the rapid
BB, oscillation can be resolved. Both avenues should be pursued and their results combined,

1This scenario is still possible, though somewhat disfavoured by electroweak precision data [3].
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because they measure the same fundamental quantities.

If we denote the Standard Model and the new physics contributions tBthB, mixing am-
plitude with Sgy; and Sxp, respectively, then the measurement of the mass differAncén the B,
system determineSsy; + Sxp|. The knowledge of botthm and theB,—B, mixing phasep then
allows to solve for both the magnitude and phasggf. Information ong is especially valuable, if
|Ssm| and |Sxp| are comparable in size anin agrees within a factor of 2 or 3 with the Standard
Model prediction.

The purpose of this paper is twofold: we first identify useful measurements and show how the
information from different decay modes and different observables can be combined in pursuit of a
statistically significant “smoking gun” of new physics. Second we show how3thé3, mixing
phase can be identified unambiguously, without discrete ambiguities. The outline is as follows: after
setting up our notation in Section 2 we consider untaggedecays and discuss various methods
to determing cos ¢| in Section 3. Tagged®, decays are discussed in Section 4, whereas Section 5
shows how to resolve the discrete ambiguityirFinally, we conclude in Section 6.

2 Preliminaries

In this section we define the various quantities entering the time evolutiéh afesons and their
decay amplitudes. We closely follow the notation of B&ar-Book [1]. Some of the discussed
guantities depend on phase conventions and enter physical observables in phase-independent combi-
nations [14]. Since this feature is well understood and extensively discussed in the standard review
articles [1], we here fix some of these phases for convenience and only briefly touch this issue where
necessary.

We choose the following convention for the CP transformation of meson states and quark cur-
rents?

CP|B,) = —| B,), CPGq b (CP)™" = —bry'qr. (1)

Hence the CP eigenstates are

veny _ 1 ) dd o 1 —
\BSE>—E(\BS>—\BS>), and | BY) = ﬁ(lBs>+|Bs>). 2)
The time evolution of thé3,—B, system is governed by a Sdidlinger equation:
X !Bs(t>>)_( _'E)(\BS(M)
i limon) = (1=3) (5, ©

with the mass matrix\/ = M' and the decay matrix® = T'T. Here| B,(t)) denotes the state
of a meson produced asi at timet = 0, with an analogous definition fdrB,(¢) ). The off-
diagonal elements/,, = M3, andl'y, = '}, correspond td3,—B, mixing. In the Standard Model
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b u,c,t S
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Figure 1: B,—B, mixing in the Standard Model.

the leading contributions td/;, andI';; stem from the box diagram in Fig. 1]';, originates
from the real final states into which bof®, and B, can decay. It receives contributions from box
diagrams with lightu andc quarks. Sincd';; is dominated by CKM-favoured tree-level decays,
it is practically insensitive to new physics. On the other hang, is almost completely induced

by short-distance physics. Within the Standard Model the top quarks in Fig. 1 give the dominant

contribution toB,—B, mixing. This contribution is suppressed by four powers of the weak coupling
constant and two powers 0f;;| ~ 0.04. Hence new physics can easily compete with the Standard
Model and possibly even dominalé,,. If the non-standard contributions fd;, are unrelated to

the CKM mechanism of the three-generation Standard Model, they will affect the mixing phase

¢on = arg M.

With our convention (1) the Standard Model predictionis = arg(V,,V;:)2. B
The mass eigenstates at titne: 0, | B, ) and| By ), are linear combinations ¢i5; ) and| B; ):

lighter eigenstate: | B, ) = p| B,) + ¢| B, )

heavier eigenstate:| By ) = p| By ) — q| Bs ), with [p]? + |¢]* = 1. (4)
We denote the masses and widths of the two eigenstatesWyith andl';, ; and define
1 r r
F:—:%, Am = My — My, Al' = I'p, = I'y. (5)
TBS

While Am > 0 by definition,AI" can have either sign. Our sign convention is such fiat> 0 in
the Standard Model. By examining the eigenvalue problei efi" /2 we find that the experimental
informationAm > T" model-independently implie$';,| < |M;2|. By expanding the eigenvalues
andg/pin I'yo /M5, we find

Am = 2| M|, A" = 2|['g|cos ¢ and 1 = —¢iom {1 — g} . (6)
p

2metricg,, = (1,-1,-1,-1)
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Here the phase is defined as

M12 _ M12
F12 F12
In (6) we have kept a correction in the small parameter

e, (7)

sin ¢, (8)

on B2
M12

but neglected all terms of ord€®, /M2, and do so throughout this paper. Simcean hardly exceed
0.01 we will likewise set it to zero in our studies &f, decays into CP eigenstates and only briefly
discuss a non-zeroin sect. 3.4.

The phase is physical and convention-independent it 0, CP violation in mixing vanishes.
In the Standard Modeb = ¢, — arg(—I'y2) is tiny, of order 1%. This is caused by two effects:
first, I';, is dominated by the decady — ces and (V;V.%)? is close to theB,—B, mixing phase
arg(Vy V%)% Second, the small correction4eg(—I';2) involving V,,, V%, is further suppressed by a
factor ofm?/m?. Inthe search for a sizeable new physics contributiop tieese doubly Cabibbo-
suppressed terms proportionalifp,V,*, can safely be neglected, as we do throughout this paper.

For aB; decay into some final stafe we introduce theéA B| = 1 matrix elements

Af: <f‘BS> and Zf: <f‘§s>
The key quantity for CP violation reads
q Xf
Ap = = —. 9
! P Af ( )

The time evolution formulae and the expressions for the CP asymmetries in the forthcoming sections
can be conveniently expressed in terms of

1=\l
L+ A
If fisa CP eigenstat&;P| f) = +| f), then AJL £ 0 or AT #£ 0 signals CP violation: a non-
vanishingA&r implies|A;| # |A;|, meaning direct CP violationd&X measures mixing-induced

CP violation in the interference d8, — f andB, — f. The third quantity,A.r, plays a role, if
AT is sizeable. The three quantities obey the relation

mix __

2Im A
cp = f and .AAF = T 2" (10)

Adir — - J
. L+ M) L+

.12 .12
AZ [+ A + | Aarl = 1,

The time-dependent decay rdtéB;(t) — f) of an initially taggedB; into some final stat¢ is
defined as
1 dN(Bs(t) — f)

DB.(1) = f) = 5 g (12)
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Quark decay| Hadronic decay | Remarks

b—¢cs | By — ¢
By — Yy K®K®
By — ¢¢¢
By —ym
By — ¢nf
Bs — ¢ fo CP-odd final state
By — X090 CP-odd final state
By — DD~ D¥ D7 is CP-even
B, — DWW+ DX~ or DHODX0 non-spectator decays,

DD is CP-even
b—vtud | By — K¢DWO [— ¢Kg, p°Kg, KK orntm]

Table 1: Some CKM-favoure®; decay modes into CP-specific final states. Herespresentd /1

or ¢)(25). Decays into two vector particles or into three-body final states with one or more vector
particles require an angular analysis to separate the CP-even from the CP-odd component. The final
statesD D:F are dominantly CP-even [16] (see sect. 3).

Here B,(t) represents a meson at proper timagged as &, att = 0; dN(B(t) — f) denotes the
number of decays aB,(¢) into the final statef occurring within the time intervdt, ¢t + dt|; N is
the total number oB3,’s produced at time¢ = 0. An analogous definition holds fai(B,(t) — f).
By solving the Schodinger equation (3) using (6), we can find these decay rates [15]:

D(B.0) — 1) = Ny LA o

X |cosh Ag + AZ cos(Amt) 4+ Aar sinh Agt o sin (Am t)] ,(12)
P(B0 — 1) = A5 4 E e

X [COSh Ag — A& cos(Amt) + Aar sinh & — AZE sin(Am t)} . (13)

HereN; is a time-independent normalization factor.

A promising testing ground for new physics contributiongig are decays into CP eigenstates
triggered by the quark decdy— ccs. Table 1 summarizes such CP-specificdecay modes. To
estimate the size of the small Standard Model predictions consider first the decay amplitudes [17]:

2
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Hence the weak phase facid?, which is associated with the quantitye?, is strongly Cabibbo-
suppressed by two powers of the Wolfenstein parameter |V,,| ~ 0.22 [18]. The “penguin
parametert, e’ measures — sloppily speaking — the ratio of penguin- to tree-diagram-like topologies
and is loop-suppressed. Since new-physics contributions to these decay amplitudes have to compete
with a tree diagram, they are not expected to play a significant role. A detailed discussion for a
left—right-symmetric model can be found in [9]. Since we are interested in large “smoking gun”
new physics effects ilB,—B, mixing, we account for the Standard Model contributions within
the leading order o and seff4;| = |A|, neglecting direct CP violation. With the weak phase
bezs = arg(V, V) one then finds

A ‘

A_j: = —npeides, (15)

Herer; denotes the CP parity of: CP| f) = | f). In Table 1 we also included decay modes
driven by the quark level decay— cud. The weak phase of these modes involves the phases of the
K andD decay amplitudes into CP eigenstates. The phases combingiQ,V,,) +arg(V,4V. )+
arg(V,sVy:) = arg(Vp V), i.e. the same result as for— ces. With (6) and (15)\; reads

A )
A= 18 = e (16)

Here we have identified the phases(n ;) = ¢n — 2¢.2, With the phase defined in (7). This is
possible, becauseg(—T'15) = 2¢.2 +O()\?) and we neglect the Cabibbo-suppressed contributions.
The Standard Model contribution o= ¢gy + dnp €qualspsy = —2nA2. Heren is the Wolfenstein
parameter measuring the height of the unitarity triangle. Since our focus is a sizeable new physics
contributiongyp, we can safely negleets,; and identifyy with ¢xp in the following. That is, we
neglect terms of ordex? and higher. Using (16) the quantities in (10) simplify to

AdlL =0, OB =y sin ¢ and Aar = —ny cos ¢. (17)

The corrections to (17) from penguin effects can be found in [17]. We next specify to the PDG
phase convention for the CKM matrix [19], in whielg(V, V%) = O(A°). Then we can set, to
zero and identify

dm = .
With this convention the mass eigenstates can be expressed as
1 ip 1— ip
Br) = S| BN -~ B2+ Oa),
1 — e 1+ e
|Bu) = ——— [ BY") + —— [ B) + Oa). (18)

Whenever we usB®"and B°Y we implicitly refer to this phase convention. If formulae involving
Be"and B°% are used to constrain models with an extended quark sector, the phase convention
used for the enlarged CKM matrix must likewise be chosen suchuthét,, V) ~ 0.
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3 Untagged Studies

3.1 Time Evolution

Whereas the width differencAl is negligibly small in theB,; system, it can be sizeable fé;,
mesons. This has the consequence that the untaggddta sample bears information on CP vio-
lation [20]. Further the width difference itself is sensitive to fhe-B, mixing phasey [21], as we
can see from (6).

WhenB,’s andB,’s are produced in equal numbers, the untagged decay rate for thedgcay
f reads

L[ft] = T(Bs(t) — f) + T(Bs(t) — f)

= Ny [e ™ [(f| Bo)I> + e [(f] Br)*] + O(a). (19)
= Ny |Af? [1 + |Af|2:| et {COSh Alt + SiHh%AAF} + O(a). (20)

Here the second expression is simply obtained by adding (12) and (13). In (19) the same result is
expressed in terms of the mass eigenstates and nicely exhibits how the decay is governed by two
exponentials. Using (11) we can relate the overall normalization to the branching ratio:

Bilf) =5 [Tar s (21)

[' + Aar AT'/2
2 — (AT/2)?2

N,
= SHALP L+ AP +0(a). (22)
Conforming with [19] we have normalized the event counting/ip+- N = 2N, so thatBr|all] =
1. Using (22) we rewrite (20) as

[? — (AT /2)?
[+ Aar AL'/2

Now (23) is our master equation for the time evolution of the decay of an untaggsdmple. If

[' = 1/7p, is known, one could perform a two-parameter fit of the decay distribution to (23) and
determineAl’ and.Aar. The latter determinesthrough (17), iff is a CP eigenstate from a CKM-
favoured decay. In practice, however, most data come from short timeg\With< 1, and one is
only sensitive to the produckI’ - Aar:

et {cosh % + sinh % Aar| + O(a). (23)

Lt =2 Br{f]

T[f,{] = 2 Br[f] Te ™ [1 4 % Anr (t - %)} +o((ary?). (24)

We return to this point in sect. 3.3.
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3.2 The Width Difference AT" and Branching Ratios

The mass matrix/;, and the decay matrikK,, provide three rephasing invariant quantiti€sf; |,
IT'12| and the relative phasg In (6) we have related the two observablies: and AT to | M|,
IT'12| and¢. Interestingly, it is possible to find a third observable, which determings and thus
encodes additional information. We define

ATcp = 2Ty = 2 S (B, — fops) — T(B, — for_)]. (25)

fEXCE

Here X represents the final states containin@.&) pair, which constitute the dominant contribu-
tion to AI'cp sStemming from the decay— cés. In (25) we have decomposed any final stAfato
its CP-even and CP-odd compondnt,) = | fcp+ ) + | fcp— ) and defined

_ [ feps |BS)?
[(fIBs)?

N is the usual normalization factor originating from the phase-space integration. In order to prove
the second equality in (25) we start from the definition of.

['(Bs — fops) = Ny [{ fops | Bs)|? [(Bs — f).

Tz = 2 NG (BN 1Bs) = —ZNf[ (B FIB)+(BJP(FIBS)|. (26

In the second equation we have paired the final $tatewith its CP conjugatéf) = —CP| f). In
the next step we tradgfor fcp, and fcp— and use the CP transformation

( fopx |Bs) = F €*%@ ( fops | Bs),

wherep s = arg(V, V%) is the phase of the — ccs decay amplitude, which dominat€s,. Then
(26) becomes

e M Py = S NG U(fCPJr |B)I? = |{ fep— |Bs>|2i|

feXcE

= > [O(Bs— fops) — D(Bs — fep-)] (27)

feXcE

Interference terms involving bothfcp | Bs) and( fcp— | Bs) drop out when summing the two terms
(Bs|f){ f|Bs) and{ B, |f){ f|Bs). In (27) both sides of the equation are rephasing-invariant. An
explicit calculation of";; reveals that the overall sign of the LHS of (27) is positive, which completes
the proof of (25).

Loosely speakingA@'cp is measured by counting the CP-even and CP-odd double-charm fi-
nal states inB, decays. We specify this statement in the following and relsig,r to mea-
sured observables in sect. 3.3.2. Our formulae become more transparent if we adopt the stan-
dard phase convention withrg(V,,V%) ~ 0 and use the CP-eigenstates defined in (2). With
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| By ) = (] B&®") + | B%4))//2 one easily finds from (27):
ATcp = 2|T'y5| = T'(B&®") — T(B%). (28)

Here the RHS refers to the total widths of the CP-even and CPddigenstates. We stress
that the possibility to relatél’;;| to a measurable quantity in (25) crucially depends on the fact
thatI';, is dominated by a single weak phase. For instance, the final Kta#€~ is triggered
by b — wuus and involves a weak phase different fram— ccs. Although K+ K~ is CP-even,
the decayB®® — K*K~ is possible. An inclusion of such CKM-suppressed modes into (27)
would add interference terms that spoil the relation to measured quantities. The omission of these
contributions td";» induces a theoretical uncertainty of order 5% on (28).

In the Standard Model the mass eigenstates in (18) coincide with the CP eigenstatds; (with
B&®M andATl'sy = Al'cp. The effect of a non-zer8,—B, mixing phasep reducesAl™:

Al = AT'cp cos ¢, (29)

while AT'cp = 2|I'15| is not sensitive to new physics. From the calculdfgedwe can predict to
which extentl’ (BS'®") exceedd (Bgdd) and this result does not change with the presence of a
non-zerop.

The theoretical prediction fakI'cp is known to next-to-leading order in bot,cp /my, [22] and
the QCD couplingy, [23]. It reads

Al'cp _ IBs
r 245 MeV

2
) [0.204 By — 0.080 + 0.025]. (30)

Here f. is the B, meson decay constant. Recently the KEK—Hiroshima group succeeded in cal-
culating fz, In an unquenched lattice QCD calculation with two dynamical fermions [24]. The
result is fz, = (245 + 30) MeV. Bg parametrizes the relevant hadronic matrix element, with
Bs = 1in the vacuum saturation approximation. A recent quenched lattice calculation has yielded
Bs = 1.13 £+ 0.22 [25]. This result is not without controversy [26]. At present, studie®gfare

a new topic in lattice calculations and we can expect substantial improvements within the next few
years. With these numbers one finds from (30):

Al'cp
r

Here we have conservatively added the errors from the two lattice quantities linearly.

SinceATl'¢p is unaffected by new physics and «p > 0, several facts hold beyond the Standard
Model: i) There are more CP-even than CP-odd final statés idecays. ii) The shorter-lived mass
eigenstate is always the one with the larger CP-even component in (18). Its branching ratio into a
CP-even final staté-p. exceeds the branching ratio of the longer-lived mass eigenstatg-intoif
the weak phase of the decay amplitude is closegd/.,V.%. Forcos ¢ > 0 By has a shorter lifetime

= 0.15 + 0.07. (31)
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than By, while for cos¢ < 0 the situation is the opposite [21]. iii) Measurements based on the
comparison obranching ratioanto CP-specific final states determid’cp rather thanAI'. Such
an analysis has recently been performed by the ALEPH collaboration [27]. ALEPH has measured

2 Br[DW*TDW-] = 0.267030 (32)
and related it ta\I'cp. For this the following theoretical input has been used [16]:

i) Inthe heavy quark limitn. — oo and neglecting certain terms of ordefN,. (where N, = 3
is the number of colours) the dec&¢% — D+ DT is forbidden. Hence in this limit the final
state inBY" — D*D*F is CP-even. Further iB"™" — D** D~ the final state is in an S-wave.

i) In the Shifman—Voloshin (SV) limitn. — oo with m, — 2m,. — 0 [28], Al'¢p Is saturated
by I'(BY" — D™+ D& =), With i) this implies that in the con5|dered limit the width B
vanishes. FolN, — oo and in the SV limit2I'(BY" — D™+ D™ =) further equals the parton
model result forAl'cp (quark-hadron duality).

Identifying '(B&®" — D®+ DM =) ~ ATgp andl'(B%% — DM+ D) ~ 0 we find:

2 Br[DWF DY) ~ ATcp

1+ cos ¢ 1—COS¢] _ Aler [1+O(£)}. (33)

2T, 2Ty r r

Thus the measurement in (32) is compatible with the theoretical prediction in (31)¢ Fol0,

the expression used in Ref. [27], in which the Standard Model scenario has been considered, is
recovered. The term in square brackets accounts for the fact that in general the CP-even eigenstate
| BEVe") is a superposition dfB;, ) and| By ). Itis straightforward to obtain (33): inserting (18) into

(19) expresseB|[f, t] in terms of ['(Be" — f) andI'(B%% — f). After integrating over time the
coefficient of['( BS*" — f) is just the term in square brackets in (33).

When using (33) one should be aware that the corrections to the limits i) and ii) adopted in [16]
can be numerically sizeable. For instance, in the SV limit there are no multibody final states like
DD X,, which can modify (33). As serious would be the presence of a sizeable CP-odd component
of the D{* D"~ final state, since it would be added with the wrong sighfa.p in (33). Amethod
to control the corrections to the SV limit experimentally is proposed in sect. 3.3.2. We further verify
from (33) that the measurement 8f-[D*)*+ D) -] determinesAT'cp. Its sensitivity to the new
physics phase is suppressed by another factorzbl“ /T and is irrelevant in view of the theoretical
uncertainties.

3.3 Determination of AT and | cos ¢|
There are two generic ways to obtain information/onh:

I) The measurement of thB lifetime in two decay modes" — f; andB!" — f, with

Aar(f1) # Aar(f2)-
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ii) The fit of the decay distribution oB" — f to the two-exponential formula in (23).

As first observed in [21], the two methods are differently affected by a new physics phase
Thus by combining the results of methods i) and ii) one can determifrethis section we consider
two classes of decays:

e flavour-specific decays, which are characterizediby= 0 implying Aar = 0. Examples are
Bs — D;nm andB;, — X"y,

¢ the CP-specific decays of Table 1, witthr = —n¢ cos ¢.

In both cases the time evolution of the untagged sample in (23) is not sensitive to the Aifrfaf
equivalently, ofcos ¢). For the CP-specific decays of Table 1 this can be seen by noticing that

ATt AT| ¢
Aar sinhT = — 1y | cos¢| sinh‘ 2‘ :

Here we have used the fact thal’ andcos ¢ always have the same sign, becadd&r > 0. Hence

the untagged studies discussed here in sect. 3.3 can only detérmine and therefore lead to a
four-fold ambiguity ing. The sign ambiguity irtos ¢ reflects the fact that from the untagged time
evolution in (23) one cannot distinguish, whether the heavier or the lighter eigenstate has the shorter
lifetime (however, see sect. 5).

In order to experimentally establish a non-zéd' from the time evolution in (23) one needs
sufficient statistics to resolve the deviation from a single-exponential decay law, see (24). As long as
we are only sensitive to terms linearAi" t andAT'/T", we can only determing o AT from (24).

Aar AT vanishes for flavour-specific decays and equajgAI" cos ¢ for CP-specific final states.
Hence from the time evolution alone one can only deternditiecos ¢ in the first experimental

stage. This determination is discussed in sect. 3.3.1. Once the statistical accuracy is high enough to
resolve terms of ordeiAT")?, one can determine botAAT'| and| cos ¢|. Fortunately, the additional
information from branching ratios can be used to find'| and| cos ¢| without resolving quadratic

terms inAT". The determination ofAT’| and| cos ¢| is discussed in sect. 3.3.2.

3.3.1 Determination ofl’ and AT cos ¢

Lifetimes are conventionally measured by fitting the decay distribution to a single exponential. Con-
sider a decay which is governed by two exponentials,

U[f,t] + T[f,1]

= Ae " 4 Be !
2

ATt ATt
= e " |(A+ B)cosh — T (B — A)sinh | (34)
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but fitted to a single exponential
Flf,t] =T;e st (35)

In (34) we have averaged ovgrand its CP-conjugaté. Of course the coefficients depend on the
final state:A = A(f), B = B(f). A maximum likelihood fit of (35) converges to [31]

AT+ B/Ty

Ly = A/T2 + B/T% (36)
We expand this to second orderAt™:
B A— B AT 2AB (ATl')? (AT)?
b=+ 4782 " +BeE T O( rz ) (37)

In flavour-specific decays we have= B (see (23)). We see from (37) that here a single-exponential
fit determined” up to corrections of ordeAI™ /T2.

Alternatively, one can use further theoretical input and exploitkhatT 5, = 1 + O(1%) from
heavy quark symmetry [22, 29, 30]. This relation can therefore be used to pirpoinerms of
the well-measured, lifetime. New physics in the standard penguin coefficients of the effective
AB = 1 hamiltonian only mildly affect$' s, /T'5, [30]. The full impact of new physics g, /T'5,,
however, has not been studied yet.

With (23) and (34) we can read off and B for the CP-specific decays of Table 1 and find
Alfers)/B(fory) = (1+ cos8)/(1 — cos ¢) and A(fop-)/B(fep-) = (1 — cosd)/(1 + cos ¢)
for CP-even and CP-odd final states, respectively. Our key quantity for the discussion of CP-specific
decaysB!" — fcp iS

ATtp = —npAar AT = AT cos¢ = Alcp cos® ¢. (38)

With this definition (37) reads for the decay radigp ,, measured irBy" — fcp:

JAN . AT)? AT)3
Feppe =1 + nf%— sm%b% + (')(( FQ) )

That is, to first order iMAI', comparing theB:" lifetimes measured in a flavour-specific and a CP-
specific final state determinesl’i.,. Our result agrees with the one in [21], which has found (38)
by expanding the time evolution in (34) and (35) for small ¢. Including terms of orde(AT")?,
lifetime measurements in a flavour-specific de€gy — f;, determine [31]:

'y =1 — (A0)” + 0 <(AF)3> .

2 I?
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This impliesI'y; < I'. Despite the heavy quark symmetry prediction /I's, ~ 1, a largeAT" leads
to an excess of thB, lifetime measured iB" — f;, over theB, lifetime [31]. From (37) one finds

AT AT AT)3
Lepy — 'y = QCP <77f + %) + O <( F2) ) . (39)

Hence for a CP-even (CP-odd) final state the quadratic corrections enlarge (diminish) the difference
between the two measured widths. A measuremenritidf, at Run-II of the Tevatron seems to be
feasible. The lifetime measurement in the decay mBfle— J/1 ¢ has been studied in simulations
[32,33]. This decay mode requires an angular analysis to separate the CP-odd (P-wave) from the
CP-even (S-wave and D-wave) components. The angular analysis is discussed in sect. 4.2. With
2 fb~! integrated luminosity CDF expects 4000 reconstrud®8 — J/vy[— up]¢ events and

a measurement aAI';,, /T" with an absolute error of 0.052. This simulation assumesIthat
(AT)?/(2T) (see (37)) will be measured from flavour-specific decays with an accuracy of 1% [33]
and uses the inpukI';, /T" = 0.15. When combining this with other modes in Table 1 and taking

into account that an integrated luminosity of 10-20'fis within reach of an extended (up to 2006)
Run-Il, the study ofAI'i,, at CDF looks very promising. The LHC experiments ATLAS, CMS and
LHCb expect to measur&I';,, /T with absolute errors between 0.012 and 0.018¥6¢,, /T" = 0.15

[34]. An upper bound om\I';,, would be especially interesting. If the lattice calculations entering
(31) mature and the theoretical uncertainty decreases, an upper boladgsl may show that

¢ # 0,7 through

Al'p
AFCP
Note that conversely the experimental establishment of a non&Efg immediately helps to con-
strain models of new physics, because it excludes valuesaobundr /2. This feature even holds
true, if there is no theoretical progress in (31).
The described method to obtaixl'., can also be used, if the sample contains a known ratio
of CP-even and CP-odd components. This situation occurs e.g. in decdys o if no angular
analysis is performed or in final states, which are neither flavour-specific nor CP eigenstates. We
discuss this case below in sect. 3.3.2 Wit — DFD®¥, A measurement of the, lifetime in
B! — J/1¢ has been performed in [35], but the error is still too large to gain informatiaklc). .
Note that the comparison of the lifetimes measured in CP-even and CP-odd final states determines
AT'¢p up to corrections of ordgrAT/T')3.

= cos” ¢. (40)

3.3.2 Determination of|AT'| and | cos ¢|

The theoretical uncertainty in (31) dilutes the extraction @fs ¢| from a measurement akI'(,,
alone. One can bypass the theory prediction in (31) altogether by measuring Bgghand | AT
and determinécos ¢| through
Al'ep
| AT

= | cos @|. (41)



14 In Pursuit of New Physics witB, Decays

To obtain additional information oAI" and¢ from the time evolution in (23) requires more statis-

tics: the coefficient of in (24), AT Aar/2, vanishes in flavour-specific decays and is equal to
—n;Al'tp /2 in the CP-specific decays of Table 1. Therefore the data sample must be large enough
to be sensitive to the terms of ordgkI' ¢)? in order to get new information oAT and¢. We now

list three methods to determifAl'| and| cos ¢| separately. The theoretical uncertainty decreases
and the required experimental statistics increases from method 1 to method 3. Hence as the collected
data sample grows, one can work off our list downwards. The first method exploits information from
branching ratios and needs no information from the quadfatict)? terms.

Method 1: We assume thaf\I'i,, has been measured as described in sect. 3.3.1. The method
presented now is a measurementdf-p using the information from branching ratios. With (40)
one can then findcos ¢| and subsequentlyAT'| from (41). In the SV limit the branching ratio
Br[D¥*+D®~] equalsAT'cp/(2I') up to corrections of ordeAT'/T, as discussed in sect. 3.2
[16]. Corrections to the SV limit, however, can be sizeable. Yet we stress that one can control the
corrections to this limit experimentally, successively arriving at a result which does not rely on the
validity of the SV limit. For this it is of prime importance to determine the CP-odd component
of the final state) D:F and D** D*~. We now explain how the CP-odd and CP-even component
of any decayB." — f corresponding to the quark level transitibrn- ccs can be obtained. This
simply requires a fit of the time evolution of the decay to a single exponential, as in (35). Define
the contributions of the CP-odd and CP-even eigenstatg te> f:

DB — f) = Ny [(fI BX*)P, DB = f) = Ny [(FIBENE (42)

It is useful to define the CP-odd fractian by
odd goddy|? 7| goddy |?
PB ) JBE][TIB[ )

D(Been— ) if1Been)’ | peen 1o

The time evolution(T'[f, ] + ['[f,t])/2 of the CP-averaged untagged deday — f, f is governed
by a two-exponential formula:

F[f7 t] —;F[?v t] — A(f) e—FLt +B(f) e_FHt. (44)
With (18) and (19) one finds
A =211 B + 2117 B 2
:1+cosgz5 1 —cos¢

DB — f) + LB — f)

2 2
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B(F) = 22171 Bl + 2017 B 2

B 1—(:os¢F

5 LB = f) +

— (B - f). (45)
With (43) we arrive at

A(f) _ (A +cos)I(BY"— f) + (1 —cos p)I(B — f) 1+ (1—224)cos¢ (46)
B(f) (1 —cos¢)l(B&en— f)+ (1 +cosg)['(B%% — f) 1 —(1—2x5)cose’
In (45) and (46) it is crucial that we average the decay rateBfir— f and the CP-conjugate
processB'" — f. This eliminates the interference tef3%%|f)( f |BS®", so thatA(f)/B(f)
only depends on;. The single exponential fit with (35) determinEgs. Equations (37) and (46)

combine to give
2(I'y—T)=(1—2x;) Al cos¢p = (1 —2z;)Alcp cos®¢ = (1 —2x;) Al'gp  (47)

up to corrections of ordefAI')?/I". In order to determine; from (47) we need\I'r, from the
lifetime measurement in a CP-specific final state likeD_ or from the angular separation of the
CP components i — 1)¢. The corrections of ordgiAT")? /T to (47) can be read off from (37)
with (46) as well. Expressing the result in termdgfand the ratd’, measured in flavour-specific

decays, we find
— _ 2
1—2xf:2rf I 1—2@}“9((“)). (48)

N T2

In order to solve fob'(B&e" — f) andl'(B°Y — f)we also need the branching rafo | f]+ Br[f].
Recalling (22) one finds from (44) and (45):

Brif] + Brlfl = T(B%"— f) 12;2” L1 —mfzscb

[1 — cos ¢ n 1+ cos¢]
oy, 2Ty |
By combining (43) and (49) we can solve for the two CP components:

DB — f) = [[? = (AT/2)*] (Br(f] + Br(f))

+0(BI = f)

(49)

1—l‘f
or — Ty

= (1—=y) (Br[f] + Br[f]) T + O (AT)

Lf

D(B — f) = 1% = (AT/2)*| (Br(f] + Br[f)) T,

=z (Br[f] + Br[ﬂ) '+ O(AT).
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From (28) we now find the desired quantity by summing over all final states

2$f

2F - Iy (50)

Alcp = T(B2) —T (B2 =2 [I? — (A/2)’| > Brif
feXez

—oT Y Brlf](1—2x) [1 + o(gﬂ (51)

fEXcE

It is easy to findAI'cp: first determinel — 2z from (48) for each studied decay mode, then in-
sert the result into (50). The small quadratic tefil/2)? = ATcpATl'p/4 is negligible. This
procedure can be performed fBr[DE D*¥] and Br[D:* D:~] to determine the corrections to the
SV limit. In principle the CP-odd P-wave component®f[D** D*~] (which vanishes in the SV
limit) could also be obtained by an angular analysis, but this is difficult in first-generation experi-
ments at hadron colliders, because the photon ff&m— D+ cannot be detected. We emphasize
that it is not necessary to separate fg)* D)~ final states; our method can also be applied to
the semi-inclusiveD)* D) sample, using\I';,; obtained from an angular separation of the CP
components inB;" — ¢. Further one can successively include those double-charm final states
which vanish in the SV limit into (50). If we were able to reconstructall: ccs final states, we
could determine\I'¢p without invoking the SV limit. In practice a portion of these final states will
be missed, but the induced error can be estimated from the corrections to the SV limit in the mea-
sured decay modes. By comparind'cp and AT, one finds| cos ¢| from (40). The irreducible
theoretical error of method 1 stems from the omission of CKM-suppressed decays and is of order
2|‘/ubvus/( cb‘/cs)| ~ 5%

Method 1 is experimentally simple: at the first stage (relying on the SV limit) it amounts to
counting theBY" decays intoD(*)* D)=, A first simulation indicates that CDF will be able to
separate thé3, decay modes int®; D, D:*DF and D™D~ [36]. The corrections to the SV
limit are obtained by one-parameter fits to the time evolution of the collected double-charm data
samples. No sensitivity toAT ¢)? is needed. A further advantage is thglf op is not diminished by
the presence of new physics.

Method 2: In the Standard Model the decay into a CP eigensfateis governed by a single
exponential. If a second exponential is found in the time evolution of a CKM-favoured dgtay

fcp, this will be clear evidence of new physics [20]. To this end we must resolve the time evolution
in (23) up to order( AT ¢)?. At first glance this seems to require a three-parameter fit to the data,
becausé’[f, t] in (23) depends oif, AI" and (through4ar, see (17)) or. It is possible, however,

to choose these parameters in such a way that one of them &ntesis ¢] at order(ATl')3, with
negligible impact. The fit parameters dreandY . They are chosen such that

I[feps,t] = 2 Brlfepy] Te ' [1 +Y Tt (—1 + %) +0 ((Ar)?’)] : (52)
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Here we have considered a CP-even final state, for which a lot more data are expected than for CP-
odd states. With (52) we have generalized the lifetime fit method described in sect. 3.3.1 to the order
(AT t)%. A non-zeroY signals the presence of new physics. The fitted FandY are related to

I', AT and¢ by

AT)?
Y= (41“/2) sin” ¢, I'=T1-Y)+

cos ¢

AT. (53)

Note that for| cos | = 1 the ratel” equals the rate of the shorter-lived mass eigenstate and the
expansion in (52) becomes the exact single-exponential formula. After deternithamglY” we

can solve (53) fol’, AI' and¢. To this end we need the widit, measured in flavour-specific
decays. We find

|AT| = 24/(I" = Tg)? + T2Y {1 +0 <%>} o =Tt %?2 O <<%>3>

AT, = 2['=T(1—Y)] l1+(9<(%>2>1, Ising| = 2&;'? [1+0(%)}(54)

The quantityAI'i,,, which we could already determine from single-exponential fits, is now found
beyond the leading order iAT'/T". By contrast AT" and|sin ¢| in (54) are only determined to the
first non-vanishing order il\I"/T".

In conclusion method 2 involves a two-parameter fit and needs sensitivity to the quadratic term
in the time evolution. The presence of new physics can be invoked¥rga) and does not require
to combine lifetime measurements in different decay modes.

Method 3: Originally the following method has been proposed to deterrixig [20, 21]: The
time evolution of aB." decay into a flavour-specific final state is fitted to two exponentials. This
amounts to resolving the deviation @fsh(AI'¢/2) from 1 in (23) in a two-parameter fit fdr and
|AT'|. If one adopts the same parametrization as in (B2ndY” are obtained from (53) by replacing
¢ with 7/2. The best suited flavour-specific decay modes at hadron collide3‘ares D)+ 7T,
B — DWErFata— andBY" — DM* X (Ty, Depending on the event rate in these modes, method
3 could be superior to method 2 in terms of statistics. On the other hand, to find the “smoking gun”
of new physics, theAI'| obtained must be compared &, from CP-specific decays to prove
| cos ¢| # 1 through (41). Since the two measurements are differently affected by systematic errors,
this can be a difficult task. First upper bounds|&i’| using method 3 have been obtained in [37].

The L3 collaboration has determined an upper bguxid/T" < 0.67 by fitting the time evolution
of fully inclusive decays to two exponentials [38]. This method is quadratitlinas well. The
corresponding formula for the time evolution can be simply obtained from (34) Avith ', and
B =Ty.
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3.4 CP Violation in Mixing and Untagged Oscillations

In the preceding sections we have set the small paramete(8) to zero. CP violation in mix-
ing vanishes in this limit. The corresponding “wrong-sign” CP asymmetry is measured in flavour-
specific decays and equals
['(B,(t —T(B,(t) — f _ _
o = LBO = N-TBOH =) _ for A;=0 and |4/ =[A5. (55)
[D(Bs(t) — f) + T(Bs(t) — f)
A special case afy, is the semileptonic asymmetry, whefe= X/*v. A determination of: gives
additional information on the three physical quantiti@$,|, |I'1»| and ¢ characterizingB,—B,
mixing. MeasuringAm, Al'cp, Al't,p anda overconstrains these quantities.
The “right-sign” asymmetry vanishes:

[(B,(t) — f) —T(Bs(t) — f) = 0 for A;=0 and |Af| =]|A5]. (56)

This implies that one can measutg from untaggeddecays. This observation was already made

in [39]. It is easily verified from the sum of (12) and (13) that to ordethe time evolution of
untagged decays exhibits oscillations governed\y. Sincea is small, one must be concerned to
which accuracyA;| = ]Z;] holds in flavour-specific decays in the presence of new physics. For
example in left—right-symmetric extensions of the Standard Model, small CP-violating corrections
to the decay amplitude could eventually spoil this relation at the few per mille level. Further, a small
production asymmetry = Nz/Np — 1 also leads to oscillations in the untagged sample. To first
order in the small parametetse and|A;|/|A%| — 1 one finds

aunt _ F[f? t] - F[Za t]
5T+ T
|AfP = [A7*  a  a+e cos(Amt) _ _
= TA2iraz " o for Ay =0 and |Af| =~ |A+|. (57
|Afl? + [Ag? T2 2 cosh(AI't/2) !/ | Ayl = [Az]. (57)
For |As| = |Z?| ande = 0 one recovers the formula derived in [39]. Note that the production

asymmetry betwee, and B, cannot completely fake the effect of a non-zerm (57): while
botha # 0 ande # 0 lead to oscillations, the offset from the constant term indicates new CP-
violating physics either iB3,—B, mixing (througha # 0) or in the studied decay amplitude (through
|As| # \Eﬂ). The latter effect, which is theoretically much less likely, can be testétifimecays

and can therefore be disentangled fran# 0.

The ratioAT'cp /T < 0.22 from (31) and the current experimental linditm > 14.9 ps™! [40]
imply that|a| < 0.01. CDF expects sufficiently many reconstruct8f’ — D®*7F and BY" —
DWEr¥r+r~ events at Run-Il after collecting 2 b of integrated luminosity to achieve a statistical
error at the few permille level. From (8) and (6) we can retate |Al'|, Am and¢:

|AL| sin ¢
a=-— .
Am | cos ¢|
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Note, however, that the measurement of the sigm @étermines the sign efn ¢. This reduces the
four-fold ambiguity ing from the measurement ofos ¢| to a two-fold one. It is interesting that,

at ordera, without tagging one can in principle gain information which otherwise requires tagged
studies. Of coursein ¢ can be measured more directly from tagged decays, as discussed in the
forthcoming section 4.

4 Tagged Decays

4.1 The CP-Violating Observables ofB; — D D and J /% n")

For aB, decay into a CP eigenstafethe B,—B, oscillations lead to the following time-dependent
CP asymmetry:

['(Bs(t) — f) —T(Bs(t) — f) _ AL cos(Am t) + AB sin(Am t) (58)
[(B,(t) — f) + T(Bs(t) — f) cosh (AT t/2) + Aarsinh (AT ¢/2)

acp (t)

Here the mass and width differencen and AT can be found in (5) andldy, A%x and Axr have
been defined in (10). We have set the small paramgte(8) to zero and will continue to do so. The
final statesB, — D D7, ¢ n"), ¥ fy or x.o¢ in Table 1 are CP eigenstates. Their CP eigenvajue
reads)p+p- = Mgy = Mgy = +1 aNdnyf, =1y, = —1. With (17) we then find from (58):

ngsin ¢ sin(Amt)
cosh (AT't/2) — ny| cos ¢| sinh (|AT|¢/2)

acp(t) = — (59)
SinceAl andcos ¢ have the same sign (see (29)) we could replace these quantities by their absolute
values in the denominator of (59). This displays that the ambiguity in the signsaf cannot

be removed by measuringp. Its measurement determingis ¢ and leaves us with a two-fold
ambiguity ing. Then we still do not know whether the heavier or lighter mass eigenstate is shorter-
lived. The resolution of this ambiguity will be discussed in Section 5.

4.2 The CP-violating Observables oB; — J /v ¢ and D**D*~

The situation in the decay, — J/v ¢, which is very promising forB-physics experiments at
hadron machines because of its nice experimental signature, is a bit more involved than in the case
of the pseudoscalar—pseudoscalar madgs~ D D; and.J/¢ 1", since the final state is an ad-
mixture of different CP eigenstates. In order to disentangle them, we have to make use of the angular
distribution of the decay products of the decay ch@in— J/¢[— [*1~] ¢[— K+ K], which can

be found in [11, 12]. In that paper, also appropriate weighting functions are given to extract the
observables of the angular distribution in an efficient way from the experimental data. For an ini-
tially, i.e. at timet = 0, presentB,-meson, the time-dependent angular distribution can be written
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generically as
fe,2,:t) =3 0W(1) g(6, 2, ), (60)
k

where we have denoted the angles describing the kinematics of the decay prodiyets-efi*i~

and¢ — KTK~ by ©, ® and¥. The observable®™*)(¢) describing the time evolution of the
angular distribution (60) can be expressed in terms of real or imaginary parts of certain bilinear
combinations of decay amplitudes. In the case of decays into two vector mesons, d8ich-as

J/¢ ¢, it is convenient to introduce linear polarization amplitudest), A;(t) and A, (¢) [41].
WhereasA | (t) describes a CP-odd final-state configuration, bitft) and A (¢) correspond to CP-

even final-state configurations. The observabil€d(t) of the corresponding angular distribution are
given by

‘Af(t>’2 with VS {07 HaJ-}’ (61)
as well as by the interference terms
Re {Aj(t)A)(H)} and Im{A3(HAL(H)} with e {0,]}. (62)

For our consideration, the time evolution of these observables plays a crucial role. In the case of the
observables (61), which correspond to “ordinary” decay rates, we obtain

AT't |AT| ¢

— | cos ¢| sinh

|Ao(t)[* = |Ap(0)|?e™" |cosh + sin ¢ sin(Amt) (63)

ATt AL + sin ¢ sin(Amt) (64)

— | cos ¢| sinh

[Aj)* = |41 (0)]?e™" |cosh

Al't ATt
AL (t)]* = |AL(0)[2e ™" [COSh + | cos ¢| sinh | 2’ — sin ¢ sin(Amt)} ,  (65)

whereas we have in the case of the interference terms (62):
Re {A5(t) Ay (1)} = [A0(0)] [A4)(0)| cos(dz — d1) ™"

ATt AT|t
— | cos ¢| sinh AT

X [Cosh + sin ¢ sin(Am t)} (66)

Im {Aj(H)AL()} = [A4)(0)] [AL(0)[ e

Al't

X [sind; cos(Amt) — cosdy cos ¢ sin(Amt) — cosd; sin ¢ sinh T} (67)

Im {A5()AL(t)} = [Ao(0)[JAL(0)] e

Al't

X [sin 0y cos(Amt) — cosde cos ¢ sin(Amt) — cosdy sin ¢ sinh T} (68)
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In (66)—(68),6; andd, denote CP-conserving strong phases, which are defined as follows [11, 12]:
oy = arg{ Aj(0)"AL(0)}, 6, = arg{ Ao(0)"AL(0)}. (69)

The time evolutions (63)—(68) generalize those given in [11, 12] to the case of a siZgalile
mixing phasep to cover the pursued case of new physics. A further generalization taking into
account also the small penguin contributions can be found in [42]. It should be emphasized that new
physics manifests itsetfnly in the observable®*)(¢), while theg®)(©, ®, I')’s are not affected.

We may use the same angles® andV to describe the kinematics of the decay products of the
CP-conjugate transitioB, — .J/1 ¢. Consequently, we have

7(0,8,9:t) =S 0" (1) g¥(0,®, ). (70)
k

Within this formalism, CP transformations relatidy — [J /v ¢]; to Bs — [J /¥ ¢]; (F€{0, I, L})

are taken into account in the expressions for@he () and0" (), and do not affect the form of
the ¢(¥ (0, ®, ¥). Therefore the same functions”) (6, ®, ¥') are present in (60) and (70) (see

also [43,44]). The CP-conjugate observaties (t) take the following form:

Ao (t)]? = |Ap(0)|%e _cosh At | cos | sinh@ — sin¢ sin(Amt)_ (71)
A ()2 = |A4,(0))2e " -COSh ALt | cos ¢| sinh arje sin ¢ sin(Am t)- (72)
AL (8)]* = |AL(0)]2e ™! lCOSh ALt + | cos ¢| sinh |A§|t + sin¢ sin(Amt)] (73)
Re {A,()A)(t)} = |A0(0)] [ A)(0)] cos(dr — 81) ™™
v [Cosh ATt cosgfsinn 2 _ ging sin(Amt)] (74)

Im {4 () AL()} = |A)(0)] [AL(O)] ™
: : : . At
X {— sin d; cos(Amt) + cosdy cos ¢ sin(Amt) — cosdy sin ¢ sinh T}(?S)

Im {4, ()AL ()} = [A0(0)] [AL(0)[ e

Al't

X |— sindy cos(Amt) + cosdy cos ¢ sin(Amt) — cosdq sin ¢ sinh T}(76)
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Note that one can determing d; o, cos(d; — d2), sin ¢, cos J; cos ¢, Am and|AL’| from (63)-(76).
Usingcos(ds — d1) = cos d; cos dy + sin 07 sin dy in (66) and (74) one realizes that these equations
are invariant, if the signs afos ¢, AI', andcos 4 » are flipped simultaneously. Hence an overall
two-fold sign ambiguity persists and the signcog ¢ remains undetermined.

The time evolution of the full three-angle distribution of the products of the decay ¢hair
J/Y[— IT17]¢[— KTK~] provides many interesting CP-violating observables [12,42]. The
expressions for three-angle angular distributions can be obtained by inserting (63-76) into Eqs. (64)
and (70) of [12].

The situation is considerably simplified in the case of the one-angle distribution, which takes the
following form [11, 12]:

dr'(t)
dcos®

(14 cos* O) + |AL(t)\2§sin2®. (77)

o ([Ao()]” + |4 (1)]%) 1

| w

Here © describes the angle between the decay direction of'ttend thez axis in the.J/v rest
frame; thez axis is perpendicular to the decay planeof- K+ K~. With the help of this one-angle
distribution, the observablésd,(t)|* 4+ |4 (¢)|*> and| A (¢)|*, as well as their CP conjugates, can be
determined. They provide the following CP asymmetries:

[Ao(t) + [AOP] = [P +140F] _ —sing sin(Am ) 78)
Ao + [A(0)12] + [|Ao(®)2 + |Ay(#)2]  cosh(AL't/2) —[cos ¢|sinh(JAL|¢/2)
AP - ADP _ sin ¢ sin(Am ) (79)

|[AL(t)]2+ |AL(t)]2 cosh(AI't/2) + | cos ¢| sinh(JAT| ¢/2)

In contrast to these CP-violating observables, untagged data samples are sufficient to determine the
following quantities:

AP + 14 @)] + [[Ae(D + 4 ()]

=2 [\A0(0)|2 + \AH(O)ﬂ et lcosh Art | cos ¢| sinh ’Ag t] (80)
AL+ AL = 2|AL(0)) e lcosh % + | cos ¢| sinh |AT] t] : (81)

Sinceg is tiny in the Standard Model, a striking signal of new-physics contributiofstd, mixing

would be provided by a sizeahl ¢ either from a fit of the tagged observables (63) — (68), (71) —
(76), or from the CP-violating asymmetries in (59), (78) and (79), or if the untagged observables
(80) and (81) should depend bmo exponentials. Note that in (80) the coefficiensofh(|AT'| ¢/2)

is always negative. Phrased differently, the coefficient of the exponertié (T" + |AT'|/2)t) with
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the larger rate is always larger than the coefficientgf( —(T" — |AT'|/2)t). In (81) the situation is
reversed. This feature can be used as an experimental consistency checkl cAceis established.

Let us finally note that the formalism developed in this subsection applies also to theidnede
D** D=, where the subsequent decay of thg“-mesons is predominantly electromagnetic, i.e.
D** — D%~. The corresponding angular distribution can be found in [11,12]. The analysis of this
decay requires the capability to detect photons and appears to be considerably more challenging than
that of B, — J/v ¢, which is one of the “gold-plated” channels fBrphysics experiments at hadron
machines. HigheD, resonances exhibiting all-charged final states, for instdng€2536)" —
D*t[— Dr*] K, may be more promising in this respect [44]. If photon detection is not possible,
one can still distinguistb:*'s from D=’s through the energy smearing associated with the escaped
photon [36]. Then one can use the lifetime method introduced in sect. 3.3.2 to find the CP-odd
fractionz (o | A (0)[%) and the CP-even fraction— z (o [Ay(0)[* +]A;(0)[?) of the D:* D%~ data
sample through (47). It # 1/2 there are still non-vanishing CP asymmetries, although they are
diluted by1 — 2z. The corresponding formula for the CP asymmetry of this weighted average of
CP-even and CP-odd final states can readily be obtained from (63)—(65) and (71)—(73):

I'(B(t) — D:*D:") —I(By(t) — D:*D:™)
['(By(t) — Dt D) + T(By(t) — D:*D:=)

—(1 — 2x) sin ¢ sin(Am )
cosh(AT't/2) — (1 — 2x) | cos ¢|sinh(|]AT|¢/2)

(82)

The same procedure can be done with teD: data sample or any other of the decay modes in
Table 1.

A complete angular analysis for the three-body decays in Table 1 is more involved than the
analysis forB, — ¢. For example inB, — ¢ KsKg, the Kg pair does not necessarily come
from a vector resonance and could be in an S- or D-wave or even have a larger angular momentum.
In such cases one might restrict oneself to a one-angle transversity analysis of [45] or even satisfy
oneself with the diluted asymmetries in (82).

5 The Unambiguous Determination of¢

While sin ¢ can be measured by conventional methods, this section shows that grétos ¢) can

be determined. That determination is important for various reasons. It is not only necessary for
a complete extraction of magnitude and phase of the new physics contributiGys/By mixing,

¢ must also be known to extract the CKM angldrom B, — DZKT. Even ifsin ¢ is found to

be consistent with zero, the determinationsajn(cos ¢) is necessary to distinguish the Standard
Model predictiorncos ¢ ~ 1 from cos ¢ ~ —1. In the advent of new physicsign(cos ¢) completes

our knowledge about. There are several methods to extrasto.
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Method 1: The previous section revealed that angular correlation studiBs ef 1)¢ determine
cos 6; cos ¢. (83)

Oncesign(cosd;) is known, sign(cos ¢) follows immediately. The former can be deduced from
theory, once first-principle calculations &f have progressed sufficiently [46]. Alternatively, one
can infersign(cos d;) from their SU(3) counterparts occurring By — ¢y K*[— 7°Kg], 1p°, dw
decays [denoted byign(cosd;)], as follows:

The angular correlations of thog& modes are sensitive to [12,45]

cos gz cos 25.

By applying the SU(3) relation
sign(cos &;) = sign(cosd;),

the relative sign betweatvs 25 andcos ¢ can be determined, but not yet the absolute sigroob.

That absolute sign can be determined, since there are methods which extrégt-fhe mixing
phase23 unambiguously, even in the presence of new physics [47-51]. In the absence of new
physics,3 equals the anglg of the CKM unitarity triangle. In Ref. [52], basically the same approach
was used to determine the signeof 25. However, in that paper it was assumed thig negligibly

small, as in the Standard Model. On the other hand, in method 1 we assungg tisaknown
unambiguously, allowing the determination @fs ¢. Using a theoretical input [46] to determine
sign(cos d;) as noted above, the angular distribution of the — J/¢(— (T17)K*(— 7°Ky)

decay products considered in Ref. [52] also allows an unambiguous determinatiphimfthe
presence oH # 0.

Method 2: Consider certain three- (or-) body modesf that can be fed from both &, and

a B, and where théé)s -decay amplitude is a sum over a non-resonant contribution and several
contributions via quasi two-body modes. The strong phase variation can be modelled by Breit-
Wigners and is known, so thats ¢ can be extracted. Such a method was suggested in determining
cos 2« andcos 23 in B, decays [51].

An additional method can be found elsewhere [53].

6 Conclusions

In this paper we have addressed the experimental signatures of a non-vanishing CP-violating phase
¢ inthe B,—~B, mixing amplitude. Since is negligibly small in the Standard Model, but sizeable in
many of its extensions, it provides an excellent ground for the search of new physics. We have dis-
cussed the determination ¢from both untagged and tagged decays in CP-speBifiblecay modes
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triggered by the dominant quark level decays- ¢cs andb — cud. From lifetime measurements

in these modes one can find the productef¢ and the width differencé\l’ in the B, system.

The previously proposed methods to separately deterfdihé and | cos ¢| from untagged decay
modes require two-exponential fits to the time evolution of either flavour-specific or CP-specific de-
cay modes. In both cases terms of or¢laif")> must be experimentally resolved, which requires a
substantially higher statistics than needed to meaallteos ¢. We have proposed a nhew method

to measureéAT’| and | cos ¢|, which only requires lifetime fits to the collected data samples with
double-charm final states. This method does not require sensitivity tal')?) terms. It is based

on the observation that the measuremenf\®f from branching ratios discussed in [16] and per-
formed in [27] is almost unaffected by new physics. These branching ratioABrds ¢ obtained

from the lifetime fits allow one to solve fgAT'| and| cos ¢|. In this context we have stressed that the
lifetime measurements also allow one to determine the size of the CP-even and CP-odd components
of D:*D*~ and D D:¥ final states. This is relevant for experiments which cannot detect photons
well enough and therefore cannot separate these components with angular analyses. We have further
mentioned that a non-zero phagéeads to tinyAm t oscillations in untagged data samples. This
implies that in principle the measurement of CP violation in mixing from flavour-specific decays
does not require tagging.

For the tagged analyses we have generalized the formulae for the CP asymmetries to the case of
a non-zerap. Here we have discussed in detail the expressions needed for the angular analysis in
B, — ¢ decays or other final states composed of two vector particles. Finally we have shown how
the discrete ambiguities inencountered with the measurementswk ¢| andsin ¢ can be resolved
and¢ can be determined unambiguously. This is important, evem ib is found to be consistent
with zero, because it distinguishes the Standard Model gase0 from the case) ~ . If there
are new particles which couple to quarks with the same CKM elemenits basons, there can be
new contributions to thé&,—B, mixing amplitude with larger magnitude, but opposite sign than the
Standard Model box diagram. In this case one encountersr. This situation can occur in multi-
Higgs doublet models and in supersymmetric models with flavour universality. From a measurement
of Am alone the contributions from the Standard Model and from new physics 6,th8, mixing
amplitude cannot be separated. The new contribution can only be determined by combining the
measurements akm and¢. Consider, for example, thadkm is measured in agreement with the
Standard Model prediction: the new physics contributiolBte 3, mixing then varies between 0
and twice the Standard Model predictiongifs varied between 0 angdr.
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